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INTRODUCTION

Aeromonas salmonicida subsp. salmonicida (ASS)
is the etiological agent of furunculosis, a systemic disease of salmonid fish that causes significant economical losses in aquaculture production. Earlier, ASS was thought to cause disease mainly in salmonids (see reviews by Toranzo et al. 2005 , Austin & Austin 2007 . However, ASS was later shown to cause disease in the flatfish turbot Psetta maxima (Nougayrede et al. 1990 , Toranzo & Barja 1992 , Pedersen & Larsen 1996 , Pérez et al. 1996 , Najimi et al. 2008 , but little evidence is available about the route of infection of ASS in this non-salmonid finfish.
Previous ASS infection studies have mostly focused on the localization of ASS in the salmonid host during the early stages of infection (5 d post challenge) and suggested that the gills, skin/mucus, and intestine may be a portal of entry into salmonids (Tatner et al. 1984 , Hodgkinson et al. 1987 , Effendi & Austin 1995 , Svendsen et al. 1999 , Jutfelt et al. 2008 . These studies gave only partial information on the mode of infection since they did not determine the localization of ASS during the later stages of infection up to death of the animal. The only study that did investigate ASS infections in Atlantic salmon 12 d post challenge localized ASS in the kidney but not the intestine (Ferguson et al. 1998 ). However, this study did not sample for ASS in other internal organs and did not analyze the transmission of the bacteria through the internal tissues. Interestingly, Hodgkinson et al. (1987) compared infectivity of virulent and avirulent strains in salmonids but only during the first 24 h post challenge, showing inconclusive results since the virulent strain showed an avirulent behavior. Thus, additional studies are needed to investigate the fate of both virulent and avirulent ASS strains during the progression of early and late stages of disease. In particular, studies using non-salmonid fish such as turbot will give a broader understanding on how ASS colonizes its host and will provide information for the design of new therapeutic strategies to protect against this pathogen in aquaculture.
The green fluorescent protein (GFP) from Aequorea victoria has been used successfully as a genetic marker for the detection of bacterial pathogens during the infection of fish (Ling et al. 2000 , 2001 , O'Toole et al. 2004 , Welch & Wiens 2005 , Chu & Lu 2008 . In most cases, expression of GFP in the bacterial cell does not interfere with growth or virulence (Chalfie et al. 1994 , Valdivia et al. 1996 , Ling et al. 2000 , Chu & Lu 2008 . In addition, GFP fluorescence, which is induced by UV light, facilitates visualization of bacteria in fish tissues and the quantification of bacterial colonies recovered from infected tissues. In this study, 1 virulent and 2 avirulent ASS strains isolated from turbot were engineered to express GFP as a biomarker and used to infect turbot. Using GFP fluorescence, ASS was tracked in the internal and external tissues of turbot Psetta maxima during early and late stages of infection. The avirulent ASS strains were found mostly in the gills, skin mucus, and intestine during infection but were cleared from all turbot tissues 4 days post challenge, whereas the virulent strain persisted in all external and internal tissues tested until death of the animal after 7 d. These data provide insight on the route and persistence of an ASS infection in the turbot flatfish.
MATERIALS AND METHODS
Bacterial strains and media. We used 3 ASS strains that were previously isolated from diseased turbot in NW Spain cultured between 2002 and 2004. Based on a preliminary screening for virulence of the isolated ASS strains by bath challenge, 1 virulent (RIM 33.1) and 2 avirulent (RM 274.1 and ACRp 43.1) ASS strains were chosen. The virulence phenotype of these strains was confirmed in this study. The ASS strains were supplied by the Departamento de Microbiología y Parasitología (University of Santiago de Compostela, Spain). Positive identification of the strains was confirmed using a previously described PCR-based assay developed to identify ASS strains (Byers et al. 2002) . The PCR reactions were performed 3 times using a colony from each isolate as a template. For a positive control, ASS type strain CECT 894 was used, and for negative controls, 2 A. hydrophila strains (CECT 398 and ATCC 7966) and an A. sobria strain (ATCC 9071) were used. All CECT strains were obtained from the Spanish Type Culture Collection, which is a general service of the University of Valencia, and ATCC strains were ob tained from the American Type Culture Collection. Information about the CECT strains and the ATCC strains can be found on their respective homepages (www.cect.org/english and www.lgcstandardsatcc. org). All Aeromonas strains were grown in Trypticase soy broth (TSB; Cultimed) or on Trypticase soy agar (TSA; Cultimed) and incubated at 18°C for 72 h.
Escherichia coli SY327 (Miller & Mekalanos 1988 ) was used for all cloning experiments. For mobilization of plasmids into ASS strains, E. coli S17-1 was used (Simon et al. 1983 ). E. coli strains were grown in Luria broth (Cultimed). Kanamycin (Duchefa) was added to a final concentration of 50 µg ml -1 when needed.
Construction of GFP-expressing ASS strains (ASS-GFP).
To visualize ASS strains during an infection of turbot, a plasmid (pGP704-Km3-gfp) carrying gfp fused to a constitutively expressed promoter was constructed and inserted into the chromosome in the intergenic region where the open reading frames of lafU, a flagellar motor protein gene, and Asa_0387, a membrane bound lytic murein transglycosylase D gene, converge (Reith et al. 2008) . Thus, the constitutive promoter used to drive expression of GFP cannot induce expression of the 2 flanking genes, and no mutation was made in an annotated gene. To construct pGP704-Km3-gfp, the gfp gene and its promoter were excised from pNQFlaC4-gfp27 (Croxatto et al. 2007 ) using KpnI and NheI and ligated to the R6K-origin-based suicide vector pGP704-Km3 that was digested with KpnI and XbaI. An ASS chromosomal fragment between lafU and Asa_0387 was amplified by PCR using primers 5'-CGG GGT ACC TAT GGT GTC TGG TCT-3' and 5'-CGG CGG GAT ATC TGG CCA ATT GAG CGC-3', digested with KpnI and EcoRV, and ligated to a similarly digested pGP704-Km3 carrying the gfp gene creating pGP704-Km3-gfp.
Plasmid pGP704-Km3-gfp was mobilized into ASS strains by conjugation. E. coli containing pGP704-Km3-gfp was mixed with an ASS strain at a ratio of 1 donor to 10 recipient cells, spotted onto a TSA plate containing 1% NaCl, and incubated at 18°C for 24 h. To select for ASS strains containing pGP704-Km3-gfp, the transconjugants were resuspended in 2 ml TSB, plated onto TSA containing 70 µg ml -1 of kanamycin and 25 µg ml -1 of chloramphenicol (Sigma), and incu-bated at 18°C for 5 d. As all 3 ASS strains are resistant to chloramphenicol, this antibiotic served to select for ASS strains and against E. coli, whereas kanamycin was used to select for strains carrying the plasmid. Thus, bacteria resistant to both antibiotics were selected and GFP expression was confirmed by detecting fluorescence after excitation with ultraviolet light (wavelength 312 nm). After 87 generations of growth in the absence of kanamycin, the ASS strains carrying pGP704-Km3-gfp were still resistant to 50 µg ml -1 of kanamycin and expressed GFP, indicating that the plasmid was stably maintained on the chromosome.
A-layer detection. The presence of the paracrystalline surface array (A-layer) was evaluated by using TSA supplemented with 50 µg ml -1 of Congo red (Sigma) as described by Ishiguro et al. (1985) . ASS strains, grown overnight in TSB at 18°C for 24 h with shaking, were used to inoculate Congo red plates. The plates were incubated for 48 h and the presence of an A-layer in a colony was indicated by a red color. In addition, the presence of vapA, which encodes the Alayer protein, was determined for each ASS strain by PCR as described previously (Gustafson et al. 1992) . These assays were repeated 3 times. For a positive control, ASS type strain CECT 894 was used, and for negative controls, we used 2 A. hydrophila strains (CECT 398 and ATCC 7966).
Virulence assay. Healthy, unvaccinated turbot Psetta maxima without obvious skin lesions and weighing 11 g were used for an ASS challenge. Fish were the offspring of turbot reared from an experimental fish farm belonging to University of Vigo (ECIMAT, Marine Sciences Station of Toralla), with no history of disease. Prior to the challenge, several fish from the stock were screened for bacterial pathogens according to routine diagnostic procedures, and 6 fish per strain were held for 2 wk in separate experimental tanks containing 20 l of sterile, 18°C seawater with a salinity of 33 ‰. For the ASS challenge, ASS strains were grown in TSB (300 ml) for 24 h at 18°C, and bacteria were added to each tank with non-circulating seawater to a final concentration of 10 6 bacteria ml -1
. The starting bacterial numbers were confirmed by determining colony-forming units (cfu) ml -1 of each tank at time 0. Each fish group was challenged for 1 h, subsequently transferred to tanks with sterile, non-circulating seawater, and monitored for 21 d. From all moribund and dead turbot, the liver and kidney tissues were sampled for bacteria by streaking on TSB plates. After 21 d, fish were euthanized by an overdose of tricaine methane sulfonate (MS-222; Sigma), and tissue samples were analyzed as above. The ASS strains were identified by GFP fluorescence and PCR as described above. Fish exposed only to TSB were used as negative controls. All animal experiments were performed according to laws approved by the Spanish Ethical Committee (Royal Decree 1201/2005, 10 October, on the protection of animals for experimentation and other scientific purposes. BOE 21 October 2005, p 34367-34391).
Distribution of ASS-GFP strains during infection of turbot. Infections were performed by bath challenge as described above except that 24 fish were infected with the ACRp 43.1 strain and 27 fish were infected with the RM 274.1 and RIM 33.1 strains. At various times post challenge (0, 6, and 12 h, as well as 1, 2, 3, 4, 7, 9, and 21 d), 3 fish were killed by an overdose with MS-222 and various tissue samples were removed aseptically, pooled, and weighed. To localize the ASS strains in the fish, the epidermal mucus layer close to the pectoral fin, the anterior intestine, the liver, the kidney, and muscle close to the caudal fin (1 cm 2 ) were each homogenized in 500 µl of phosphate buffered saline (PBS). Gills were dissected and swabbed with a sterile inoculating cotton bud for direct plating of bacteria. The number of fluorescent ASS cells in each sample was determined by cfu counts on TSA containing kanamycin (100 µg ml -1 ) after incubation at 18°C for 72 h and expressed as cfu mg -1 of tissue or mucus.
RESULTS
Construction of ASS-GFP strains
To compare the distribution of ASS strains in turbot during an infection, 1 virulent and 2 avirulent ASS strains were engineered to express GFP. All strains expressing GFP showed an intense green fluorescence when illuminated with UV light. Expression of GFP in the ASS strains was stable during growth within the turbot without selection, and no growth differences were seen between the ASS strains expressing GFP and the respective parent ASS strain (data not shown).
A-layer detection and virulence of the parent and ASS-GFP strains
To determine whether GFP expression altered the expression of the A-layer protein, a major virulence factor of ASS strains, each ASS-GFP strain and the respective parent strain were tested for the presence of the A-layer protein and the vapA gene that encodes it (Table 1 ). All strains contained the vapA gene as determined by PCR amplification and showed red colonies on TSA containing Congo red, indicating that the A-layer was expressed. To determine the virulence of all strains, turbot challenges were done (Table 1 ). The GFP expressing strains did not differ in virulence to the respective parent strain. Only the RIM 33.1 strain was virulent, causing mortality 7 d post challenge in all fish used in the trial (Table 1) . The virulent strains could be recovered in pure culture from all fish. Clinical signs of the RIM 33.1 strain was included anorexia, abnormal swimming be havior, hemorrhagic lesions on the liver, and ascetic fluid in a few individuals. Fish infected with the ASS ACRp 43.1 and RM 274.1 strains did not die, and bacteria could not be recovered from the fish at the end of the experiment. Bacteria were never detected in the uninfected control group.
Distribution of ASS-GFP strains during infection
Turbot were infected with either of the 2 avirulent or the virulent ASS-GFP strains, and the distribution of each strain in various tissues was tracked using GFP fluorescence. Both virulent and avirulent strains were recovered as a pure culture from all fish during the early stages of infection, as well as the virulent strain from the last stages of infection. All ASS-GFP strains could be isolated from the skin mucus, gills, and intestine during the first few days of infection (Fig. 1) . The avirulent strains, ACRp 43.1-GFP and RM 274.1-GFP, decreased in numbers 2 d post challenge, could not be found in any tissue 4 d post challenge, were not found in high numbers in the kidney or liver, were never found in the body muscle, and did not cause mortalities. In contrast, the virulent strain RIM 33.1-GFP was detected in all tissues tested, except body muscle, as early as 12 h post challenge, persisted in all tissues until death of the fish on Day 7, and colonized the body muscle during the later stages of infection (Fig. 1) . The clinical signs observed in the diseased turbot were the same as those described above. Bacteria were not detected in the uninfected control group at any time during the experiment. The detection limit of this assay was 1 colony per 210 mg of sample.
DISCUSSION
For the first time, utilization of GFP as a biomarker for detection of ASS strains allowed an analysis of the distribution of both virulent and avirulent strains of this important pathogen during both early (6 to 12 h post chal- . The low amount of liver dissected at 24 and 72 h (4 to 6 times less than the rest of time points analyzed) is likely the cause of negative detection at these points in the virulent strain RIM 33.1 lenge) and late stages (7 to 21 d post challenge) of infection in a non-salmonid fish, the flatfish turbot Psetta maxima. Previously, radioactivity was used to visualize ASS in salmonids following infection by immersion; however, that study only followed the infection for 24 h post challenge (Svendsen et al. 1999 ). This short period of analysis was not enough to clearly see the difference in distribution patterns between the virulent and avirulent strains used in our study. A lux-based luminescence biomarker has also been used to track the distribution of ASS in salmonids during an infection (Ferguson et al. 1998) . In this case, expression of the luminescence genes simplified visualization of ASS strains but reduced the virulence of the strains. In our study, ASS strains were tagged using an R6K-origin-based suicide plasmid that encodes GFP constitutively. The plasmid was integrated into an intergenic region of ASS strains avoiding the disruption of genes that affect virulence or growth. Consequently, the 3 GFP-tagged strains retained the same virulence in turbot as the parent strains and were unaffected in expression of the A-layer protein, which aids adhesion to fish tissues, survival in macrophages, and protection from the host immune system (reviewed by Austin & Austin 2007). In addition, since the plasmid was integrated into the chromosome, it was stably maintained in the bacterial cell in the absence of antibiotic selection ensuring no loss of the plasmid and thus an accurate count of ASS strains during an infection. This study is the first investigation of ASS infections using turbot under natural infection conditions. The ASS strain RIM 33.1 used in our study caused the death of infected turbot as previously noted by Pérez et al. (1996) with other strains. In salmonids, ASS was previously shown to attach to epidermal mucus (Ferguson et al. 1998 , Svendsen et al. 1999 , and it was also suggested that ASS may be detected in the skin mucus of presumptive carrier fish (Cipriano et al. 1994) . Similarly in turbot, both the virulent and avirulent GFPtagged ASS strains were found in epidermal mucus during the early stages (12 to 48 h) of infection. The virulent strain persisted in the mucus until death of the fish, whereas the avirulent strains were cleared from the mucus 4 d post challenge. Antibacterial activities of the innate immune system found in the mucus of turbot and other fish species towards ASS are known (Austin & McIntosh 1988 , Fouz et al. 1990 ). Consequently, although avirulent as well as virulent ASS strains can localize to the epidermal mucus layer, to persist at this site, virulent ASS strains must encode mechanisms to evade the host immunity. These data suggest the possibility that ASS may use the epidermis as a portal of entry into turbot.
In salmonids, ASS has been reported to colonize gill tissue, reaching high bacterial numbers at sites of oxygen exchange (Tatner et al. 1984 , Effendi & Austin 1995 , Ferguson et al. 1998 , Svendsen et al. 1999 . In our turbot model, all ASS strains were detected in the gill tissue at the early stages of infection but, as was shown for the epidermal mucus layer, only the virulent strain persisted in the gill tissue throughout the infection. Due to the high vascularization of the gill tissue, ASS may enter the turbot circulatory system from the gills and then disseminate to other organs.
In several fish species, including Arctic char and Atlantic salmon, ASS is found in the intestines of the animals after a bacterial challenge (Ringø et al. 1997 , Svendsen et al. 1999 , Lødemel et al. 2001 , Petersen & Dalsgaard 2003 . ASS is believed to enter the intestine via the ingestion of contaminated food or seawater (Svendsen et al. 1999 , Austin & Austin 2007 and to translocate the intestinal wall to colonize internal organs (Jutfelt et al. 2008) . Similarly in turbot, the GFPtagged ASS strains, both avirulent and virulent, were recovered from the intestine as early as 6 to 12 h post challenge; however, at these time points, the avirulent strains were rarely detected in any internal organs indicating that virulent ASS strains may also enter turbot via the intestine as previously shown for salmonids.
Internal tissues such as the liver or the kidney were rarely colonized by the avirulent ASS strains, and if so, only very inefficiently. On the other hand, the virulent ASS strain could be found in internal organs as early as 12 h post challenge, suggesting that virulent ASS strains encode mechanisms that aid invasion of the fish, possibly from several portals of entry. ASS could not be detected in the body muscle of salmonids 5 d post challenge (Tatner et al. 1984) . However, that study did not analyze later time points or dead fish. In the present study, the bacterial challenges were followed until death for the virulent strain (7 d) and for 21 d for the avirulent strains. The avirulent ASS strains were never detected in the body muscle, whereas the virulent strain RIM 33.1 was found in the muscle only at 7 d post challenge, suggesting that detection of ASS in muscle tissue occurs only at the very late stages of infection, and after colonization of kidney and liver. These data further confirm that the avirulent strains do not efficiently penetrate the outer tissues.
Inclusion in this study of 2 avirulent ASS strains, which showed similar results, has provided invaluable information on what is required for a virulent ASS strain to cause disease. By comparing the distribution of avirulent and virulent strains throughout an infection, significant differences were seen on how these strain types interacted with the fish host. Interestingly, both virulent and avirulent ASS strains quickly and efficiently colonized the turbot tissues that were exposed to the seawater environment. However, both avirulent strains were unable to persist in the exposed tissues and were inefficient in crossing the epithelial barriers to colonize internal organs and to cause disease. In fact, both avirulent strains were cleared from the animal within 4 d post challenge. In contrast, the virulent strain colonized exposed tissues and quickly crossed the epithelial barriers leading to infection of internal organs and to death of the animal. These data provide strong evidence that epidermal mucus, gills, and intestine are likely entry points of ASS into turbot and that virulent ASS strains must express mechanisms for evasion of the turbot immune system and for the invasion of the internal tissues to survive in the fish and to cause disease. Several lines of evidence indicate that the A-layer is needed for the evasion of the host immune system and to cause disease (reviewed by Austin & Austin 2007). However, our avirulent strains, which expressed the Alayer protein both in vitro and in vivo (data not shown), did not cause disease and were cleared from the host, indicating that the A-layer is not a sole determinant of virulence for ASS strains to persist in the host and to cause disease in turbot. This is not a surprising result since avirulent ASS strains that express the A-layer as well as virulent ASS strains that do not express the Alayer have been characterized in other studies (Sakai 1985 , Ward et al. 1985 , Ellis et al. 1988 , Olivier 1990 , Thornton et al. 1991 , Fernández et al. 1995 . Moreover, genetic tagging of the ASS strains with GFP is a useful method for investigating interactions between ASS and animal hosts like turbot. The ASS-GFP strains will also be valuable for investigating ASS behavior in aquatic environments or for studying the viability of live ASS vaccines in fish. 
